The σ 54-dependent transcriptional regulator NorR of Ralstonia eutropha H16 activates gene expression in response to nitric oxide (NO). The N-terminal domain of NorR is thought to be involved in signal perception. A C112S exchange within this domain abolished promoter activation by the mutated protein, indicating that Cys 112 is essential for the signalling mechanism of NorR. The DNA region recognized by NorR contains three copies of a conserved element termed the NorR-box. Alteration of bases within any of the NorR-boxes resulted in a significant decrease in promoter activation. Therefore all three boxes have to be recognized by NorR to activate its target promoter. NorR controls expression of an operon that encodes a redox-active non-haem-iron protein NorA and an NO reductase NorB. NorA exerts a negative effect on signal-dependent promoter activation by NorR. Optical spectroscopy of purified NorA indicates that the reduced protein can react with NO to form a ferrous nitrosyl adduct. Hence, NO binding by NorA opens up the possibility that NorA and NorR compete for NO in the cytoplasm.
Introduction
Nitric oxide (NO) is a free radical that is involved in a vast array of biological functions in both eukaryotes and prokaryotes. In higher eukaryotes, NO that is produced by various isoforms of NO synthase functions as a signal molecule [1] and is an important player in the immune defence [2] . Denitrifying bacteria are exposed to NO as a product of dissimilatory nitrite reductase [3] . However, non-denitrifiers may also encounter NO that is produced in their environment, either by other cells or by chemical reactions. Once the concentration of free NO in cells rises above micromolar levels, the molecule causes serious deleterious effects [4] . Consequently, bacteria have evolved several NO detoxification systems. In denitrifiers, NO is converted into nitrous oxide by respiratory-membrane-bound NO reductases [5] . Some ammonifying bacteria like Escherichia coli possess the cytoplasmic NO-reducing flavorubredoxin [6, 7] . Another well-studied NO detoxifying enzyme is the flavohaemoglobin, which is widely distributed among bacteria and denitrifying fungi [8] . In the presence of oxygen, the enzyme can produce nitrate by an NO-dioxygenase reaction [9] .
Transcriptional regulation of genes encoding proteins involved in bacterial NO metabolism has been studied predominantly in proteobacteria. Various transcription factors of the FNR (fumarate and nitrate reductase regulatory protein)/CRP (cAMP receptor protein) family have been described as NO-responsive regulators [10] , including NnrR in α-proteobacteria and DnrD/NNR in both β-and γ -Key words: denitrification, nitric oxide, non-haem-iron protein, σ 54, Ralstonia eutropha H16, transcriptional activation. Abbreviations used: GAF, cGMP-specific and -stimulated phosphodiesterases, Anabaena adenylate cyclases and Escherichia coli FhlA; Hcp, hybrid cluster protein; HR, haemerythrin; PMS, phenazine methosulphate; PnorA, norA promoter; SNP, sodium nitroprusside. 1 To whom correspondence should be addressed (email rainer.cramm@rz.hu-berlin.de).
proteobacteria. The HcpR protein, which is encoded in the genomes of some δ-proteobacteria, may also belong to this protein family [11] .
A nitrite-responsive repressor NsrR was reported to regulate expression of the gene for copper nitrite reductase in Nitrosomonas europaea [12] . However, the co-localization of nsrR and putative target genes in other bacterial genomes suggests that NsrR may also control genes for Hcp (hybrid cluster protein), flavohaemoglobin and respiratory NO reductase.
The NorR protein represents another type of an NOresponsive transcriptional activator that is encoded in many genomes from β-and γ -proteobacteria. In E. coli, NorR controls expression of the norVW operon encoding flavorubredoxin and its cognate reductase [13] . In the denitrifying β-proteobacterium Ralstonia eutropha H16, norR is transcribed divergently from the norAB operon [14] . The norB gene encodes a respiratory NO reductase that belongs to the quinol-oxidizing qNOR subfamily [15] . The physiological function of the norA product is unclear.
The N-terminal domain of NorR is involved in signal perception
NorR belongs to the class of σ 54-dependent transcriptional activators that receive their signal directly and are not subject to modification by sensory proteins. Like all proteins of this family [16] , NorR exhibits a typical modular structure that includes an N-terminal signalling domain, a central ATPase domain for interaction with the σ factor, and a helix-turnhelix motif for DNA binding. The expression of the norAB operon in R. eutropha is controlled by a σ 54-dependent promoter upstream of norA (PnorA) [14] . Activation of PnorA by NorR was induced by addition of the nitrosylating agent SNP (sodium nitroprusside), suggesting that NO is the physiological trigger for activation of NorR. The presence of a GAF (cGMP-specific and -stimulated phosphodiesterases, Anabaena adenylate cyclases and Escherichia coli FhlA) module in the N-terminal signalling domain of NorR suggests that NorR is activated by binding of a small molecule. In the presence of a NorR derivative that lacks the signalling domain (NorR N), PnorA was activated constitutively [14] . A similar behaviour was observed previously with other σ 54-dependent regulators and was explained by exposure of the central ATPase domain, which is specifically inhibited by the signalling domain in the full-length protein [17] .
An alignment of known NorR proteins revealed that 22 amino acids are strictly conserved within the GAF module. A single conserved histidine and a single conserved cysteine (His 110 and Cys 112 in R. eutropha NorR) are of special interest, since histidine and cysteine residues are common ligands of metal cofactors. Various types of metal centres can interact directly with NO [18] . An H110Q exchange in NorR did not affect the growth of denitrifying R. eutropha cells. However, compared with wild-type NorR, activation of PnorA was approx. 3-fold increased in the presence of NorR(H110Q). This result suggests that the interaction between the signalling domain and the ATPase domain of NorR is destabilized in the absence of His 110 . In contrast, a C112S exchange did abolish promoter activation by NorR, and R. eutropha cells containing NorR(C112S) were not able to grow by denitrification. Therefore Cys 112 plays an important role in the signalling mechanism of NorR, and may participate in ligation of a cofactor.
NorR binds to conserved DNA elements
A purified MalE-NorR N fusion protein was used to investigate the NorR binding site on the DNA [19] . A 73 bp DNA region upstream of norA was protected from cleavage in a DNase I footprint assay. DNA fragments that include this DNA segment were retarded by MalE-NorR N in an eletrophoretic mobility-shift assay. The NorR-binding region contains three copies of an imperfect inverted repeat, GGT(N7)ACC, termed the NorR-box, which may serve as a NorR-specific upstream activating sequence. To investigate if all of the NorR-boxes are essential, activation of PnorA in response to SNP was followed in microaerobically grown cells containing a mutated binding region fused to the lacZ gene. Alteration of bases within any of the NorR-boxes lowered PnorA activity by 80-90%, whereas a base exchange within a non-conserved region had only a marginal effect on the activation of PnorA. In conclusion, the presence of three NorR-boxes is essential for NorR-dependent promoter activation in R. eutropha.
An analysis of the adjacent regions of norR orthologues in bacterial genomes revealed the presence of similar NorRbox motifs upstream of genes encoding NorA, NO reductase NorB, flavohaemoglobin Hmp, Hcp and flavorubredoxin NorV. Interestingly, the upstream regions of hcp genes located adjacent to norR orthologues contain only two NorR-boxes. A third box is located upstream of norR which is transcribed in the same direction as hcp. The helix-turn-helix domain of NorR proteins encoded adjacent to hcp contains four conserved residues, Met-Gly-Lys-Lys. All other NorR proteins show a sequence Leu-Ala-(Lys/Arg)-Arg at this position. These results suggest that a distinct subtype of NorR is involved in expression of hcp.
NorA is a redox-active non-haem-iron protein
Analysis of the primary structure of NorA revealed the presence of two conserved domains: an N-terminal DUF542 domain of unknown function and an HR (haemerythrin) domain. HR is an oxygen carrier that binds oxygen reversibly by a di-iron carboxylate centre [20] . Most, but not all, ligands of HR are conserved in NorA at appropriate positions. In fact, the optical spectrum of purified NorA in the as-isolated state (maximum at 353 nm) resembles that of diferric Met-HR (maximum at 355 nm). NorA could be reduced by dithionite, as indicated by bleaching of the 353 nm signal.
Incubation of NorA in the presence of dithionite and nitrite resulted in simultaneous formation of reduced NorA and NO, that combined with a NorA adduct with shoulders around 380 and 428 nm. The latter signal is attributed to a ferrous nitrosyl complex. NorA did not exhibit NO reductase activity in the presence of ascorbate/PMS (phenazine methosulphate) as the electron donor system. Nevertheless, the electron donor system was suitable for NorA. Approx. 10 nmol of NO was formed from ascorbate/PMS-reduced NorA upon addition of 5 µmol of nitrite. Since NO production stopped after a few turnover cycles, the physiological relevance of this reaction is unclear.
NorA exerts a negative effect on the activation of the norA promoter
The co-expression of norA and norB suggests a function for NorA in NO metabolism. An in-frame deletion in the norA gene did not affect denitrification of the mutant in terms of growth or accumulation of nitrite, nitrous oxide and dinitrogen as denitrification products [14] . However, activation of PnorA by NorR was negatively affected by the NorA protein. Compared with the wild-type, a NorA mutant showed approx. 3-fold enhanced PnorA activity upon induction with SNP. In strains containing the truncated NorR N, the absence of NorA did not affect constitutive activation of PnorA. These results suggest that NorA inhibits signal perception by NorR, which may be due to protein-protein interaction. However, given that NorA is an NO-binding protein, the effect of NorA may also be explained by competition between NorA and NorR for NO. Since the concentration of free NO in the cytoplasm of R. eutropha is unknown, it is difficult to estimate if NO scavenging by NorA may alter this concentration significantly. Alternatively, as proposed for the function of cytochrome c in Rhodobacter sphaeroides [21] , NorA may shuttle NO to the membrane-bound NO reductase.
